Anthropogenic disturbances are detrimental to the functioning and stability of natural ecosystems. Critical ecosystem processes driven by microbial communities are subjected to these disturbances. Here, we examine the stabilizing role of bacterial diversity on community biomass in the presence of abiotic perturbations such as addition of heavy metals, NaCl and warming. Bacterial communities with a diversity gradient of 1-12 species were subjected to the different treatments, and community biomass (OD 600 ) was measured after 24 h. We found that initial species richness and phylogenetic structure impact the biomass of communities. Under abiotic perturbations, the presence of tolerant species in community largely contributed in community biomass production. Bacterial diversity stabilized the biomass across the treatments, and differential response of bacterial species to different perturbations was the key reason behind these effects. The results suggest that biodiversity is crucial for maintaining the stability of ecosystem functioning and acts as ecological insurance under abiotic perturbations. Biodiversity in natural ecosystems may also uphold the ecosystem functioning under anthropogenic disturbance.
Introduction
Natural ecosystems are facing various anthropogenic and climatic disturbances, such as enrichment of atmospheric CO 2 , deposition of several agricultural and industrial pollutants and rise in temperature. The role of biodiversity is crucial for ecosystem functioning (Hooper et al., 2005; Cardinale et al., 2006; Loreau, 2010; Reich et al., 2012) because diverse communities may use available resources more efficiently and maintain the ecosystem functioning under environmental uncertainty. The importance of biodiversity becomes more evident under environmental fluctuations where it may act as ecological insurance for maintaining the ecosystem functioning (Yachi and Loreau, 1999; Tilman et al., 2006; Loreau and de Mazancourt, 2013) . The insurance hypothesis expects a positive effect of biodiversity on ecosystem functioning in a variable environment (Naeem and Li, 1997) . Different species respond differently to the environmental conditions, that is, some may tolerate various types of abiotic perturbations and their growth rates may be less affected in comparison with others. Higher diversity provides greater probability of inclusion of tolerant species in the community which may maintain the ecosystem functioning under variable environment (Yachi and Loreau, 1999) .
Microbial communities are drivers of major ecosystem processes such as nutrient cycling (van der Heijden et al., 2008) , bioremediation (Gilbert et al., 2012) and plant health (Lugtenberg and Kamilova, 2009 ). These microbial processes are catalysed and supported by several enzymes and other chemicals bound in the biomass or secreted in the environment. Therefore, the microbial biomass accumulation may provide information about ecosystem functioning in these ecosystems. Studying the effects of anthropogenic perturbations on microbial communities may give important information about the biodiversity-ecosystem functioning relationships in fluctuating environments. In earlier studies, the relationship between bacterial diversity and ecosystem functioning was found to be positive (Hodgson et al., 2002; Bell et al., 2005) or negative (Becker et al., 2012) . Complementarity among different species (Bell et al., 2005; Venail and Vives, 2013) , species identity (Hodgson et al., 2002) or both the mechanisms (Eisenhauer et al., 2013) may be responsible for positive effects of diversity on ecosystem functioning. On the other hand, the prevalence of antagonistic interactions is the main cause behind negative relationships (Becker et al., 2012; Foster and Bell, 2012) . The impacts of abiotic stress on biodiversity-ecosystem functioning relationship of microbial systems are generally found negative (Steudel et al., 2012) or positive in some cases (Li et al., 2010) . Bacterial diversity has been found to increase the community stability against both biotic and abiotic environmental perturbations .
Here, we study the biodiversity-productivity relationship in bacterial communities under different types of abiotic perturbations (addition of heavy metals, NaCl and warming). Specifically, we test the insurance effects of biodiversity in bacterial communities in the presence of abiotic perturbations. Twelve different bacterial species from four distant taxa were taken and assembled in artificial communities across richness levels from 1 to 12 species, and community biomass was recorded after 24 h. We hypothesised that community biomass will increase with increasing the diversity and more diverse communities will be less affected from perturbations than less diverse one.
Materials and methods
Bacterial species and growth conditions Bacterial strains of different phylogenetic groups were taken from microbial culture collection of CSIR-Central Institute of Medicinal and Aromatic Plants (CSIR-CIMAP), Lucknow, India (Supplementary Table S1 ). Bacterial species were selected from four phylogenetically distant groups for integrating broad taxonomic range in the experiment. Three species were taken from each group of Bacilli (Bacillus subtilis, Staphylococcus pasteuri, Bacillus megaterium), g-proteobacteria (Stenotrophomonas sp., Pseudomonas fluorescens, Acinetobacter junii), a-proteobacteria (Ochrobactrum rhizosphaerae, Aurantimonas sp., Agrobacterium sp.) and Actinobacteria (Microbacterium sp., Kocuria marina, Arthrobacter flavus) (see Supplementary  Table S1 for more information). Sequences of 16S rRNA gene of these 12 bacteria and three outgroups (Halobacterium, Thermomicrobium, Deinococcua) were aligned using ClustalW to build a Maximum Likelihood phylogenetic tree using MEGA 6 (Supplementary Figure S1) . Using the generated tree, the phylogenetic diversity, as the sum of treebranch lengths connecting the present species together (Faith, 1992) and mean pair wise distance, as the average phylogenetic distance connecting all species present in a community (Webb et al., 2002) , was calculated by using R package plicate.
Bacterial cultures were kept in glycerol stocks at À 80 1C and grown in nutrient medium (peptic digest of animal tissue 5 g l , yeast extract 1.5 g l À 1 each from HiMedia Laboratories, Mumbai, India). Single colony of each bacterial culture was picked, grown overnight in nutrient broth, washed in phosphatebuffered saline and adjusted to an OD 600 of 1.0. Bacterial cultures were left for 6 h at room temperature before assembling the communities. Bacterial communities were assembled in culture tubes taking an equal amount of inoculums of each species, present in a particular community, to establish the diversity gradient of 1-12-species richness (Supplementary Table S2 ). From these assemblages, 50 ml inoculums were inoculated in 950 ml of 25% nutrient broth in 96 deep-well plates (Supplementary Picture S1) making final volume of 1 ml and incubated at 28 1C with shaking at 200 r.p.m.
Bacterial species were assembled in combinations with a diversity gradient (1, 2, 3, 4, 6 and 12) through random samplings from a pool of 12 species as done previously (Bell et al., 2005) . Each species was selected only once without replacement at all richness levels. The complete process of constructing a set of experimental units is carried out independently five times at each richness level, except for 1 and 12 (five partitioned species pools) and each of the combination was replicated four times. Thus, a total of 352 experimental units was composed for each treatment (Supplementary Table  S2 ). In addition, un-inoculated controls with four replications were also included in each plate. The final cell density in each microcosm was kept equal, that is, the 12-species assemblage has the same number of cells (1/12 of each strain) as in monocultures.
Treatments of abiotic perturbation were given after 12 h of inoculation at 28 1C. For abiotic perturbations, 100 ml solutions of heavy metals and NaCl were added to the culture, and the same amount of sterile double-distilled water was added into the treatment of warming and control. The final concentration in broth for different stressors was 2.0% for NaCl, 10 p.p.m. heavy-metal solution (10 p.p.m. solution of each in the form of K 2 CrO 4, ZnSO 4 Á 7H 2 O, CuSO 4 , NiSO 4 Á 6H 2 O and Pb(CH 3 COO) 2 Á 3H 2 O). For warming treatments, plates were incubated at 38 1C after 12 h. After 24 h of total incubation, 200 ml of culture was taken in fresh microwell plates and growth was recorded as optical density at 600 nm (OD 600 ) as a measure of community biomass with a plate reader (Spectramax Plus, Molecular Devices, Sunnyvale, CA, USA). The tolerance against perturbation was determined on the basis of percent change in growth of monocultures in the absence (control) and the presence of perturbation. The species whose biomass in monoculture was not reduced in the presence of perturbation were assumed to be tolerant. At the end of the experiment, we detected the presence of the inoculated strains from selected samples. In total, 100 ml of culture was spread on nutrient agar plates, and the presence of inoculants was detected on the basis of colour and structure of bacterial colonies.
Statistical analysis
The data of community biomass (OD 600 ) were square root transformed for insuring the normal distribution. The coefficient of variation of each community Role of biodiversity under abiotic perturbation A Awasthi et al was calculated on pooled data across the all treatments. The linear and quadratic effects of diversity (species richness, phylogenetic diversity, mean pairwise distance) and presence of tolerant species were calculated through regression. The effects of species richness (linear and fixed factor), absence/presence of individual species and compositions were analysed with general linear models in R version 2.15.1 (http://www.r-project.org) (Bell et al., 2009 ). For calculating F-statistic, the effects of variables were tested against specific error terms to avoid the problem of pseudoreplication. The effects of species richness were tested against partitioned species pools and the effects of particular species against compositions. Linear model coefficients were used as the measurement of the relative contribution of species identities. The significance of coefficients was tested (whether they are different from zero) after Bonferroni correction of t-test probability (a ¼ 0.05/12). Diagnostic plots of residuals versus fitted values revealed no significant heterogeneity of variance and Q-Q plots indicated that assumptions of normality were justified. Cook's distances were examined to test the level of influence of extreme data points. No data point was found influential to change the output of analyses and interpretation of results. For post hoc differentiation between groups the Tukey's test was applied.
Results
Different treatments of abiotic perturbations differentially affected the biomass of different monocultures (Supplementary Figure S2) . The impact of abiotic perturbations was profoundly negative on B. subtilis, S. pasteuri and Stenotrophomonas sp., while other species were found to tolerate at least one type of perturbations. Interestingly, B. megaterium, K. marina and A. flavus were found to tolerate all types of perturbations. The biomass of monocultures was found to vary under different treatments (Supplementary Figure S3) . The coefficients of variation of community biomass, across all the treatments, decreased linearly with species richness and phylogenetic diversity (Figure 1 ), indicating the higher diversity lessens the variations in biomass in the presence of perturbations. However, no correlation between coefficients of variation and mean pairwise distance was found. Different measures of diversity (species richness, phylogenetic diversity, mean pairwise distance) affected the biomass of communities (Figure 2 , Supplementary Figures S4 and S5) ; however, in case of heavy metals, the effect of mean pairwise distance was not significant. Effect of the all the diversity measures was best described with a quadratic relationship (Supplementary Table S4 ). However, a linear relationship was also observed between biomass and diversity (except with mean pairwise distance) in case of warming (Figure 2d and Supplementary   Figure S4d) Figure S5b) and no linear trend was found in warming treatment (Supplementary Figure S5d) .
The number of tolerant species present in the community greatly affected the variation in biomass (for the quadratic term, F 1334 ¼ 6.795, P ¼ 0.0096 for heavy metals; F 1335 ¼ 16.36, P ¼ 6.5 Â 10 À 5 for NaCl; Table S3) . A unimodal, hump-shaped curve could be established between diversity and biomass (Mitchell-Olds and Shaw test).
In linear model analyses, the linear effect of species richness was found marginally significant only in case of warming (P ¼ 0.058, Table 1 ); however, fixed effects were significant in case of NaCl (P ¼ 0.004) and in warming treatments (P ¼ 0.055). The effects of species identity and compositions were consistently significant in all the treatments (Table 1 ). Standardized linear model coefficients indicate the comparative contributions of species identities on community biomass (Figure 4) .The effect of A. flavus was found to be stronger than average in all cases. This indicates, other things being equal, the increase in community biomass in the presence of this species in comparison to an average species effect. The differential contribution of species identities was observed under different types of perturbations. The effects of bacilli remained comparatively negative when significantly different from zero. The effects of species richness and presence of tolerant species remained significant even when both of the factors were fitted after each other (Table 2 ). The effect of tolerant species increases at higher levels of diversity as indicated from significant interaction between both the factors in case of heavy metals and NaCl.
Discussion
Anthropogenic disturbances affect the ecosystem functioning directly or indirectly through its effects on biodiversity. The main finding of our work is that the diverse communities may tolerate a considerable range of abiotic perturbations and maintain the ecosystem stability. We also found that the abiotic perturbations may alter the relationships between biodiversity and biomass production in some cases.
Species identity and initial biodiversity per se both may affect the community biomass in the presence of abiotic perturbations. Biodiversity may enhance the ecosystem stability through affecting temporal (Tilman et al., 2006) and spatial variability (Weigelt et al., 2008) , resistance against abiotic perturbations (Mulder et al., 2001 ) and biotic invasions (Eisenhauer et al., 2013) . Different species in diverse communities respond differentially to environmental perturbations and maintain ecosystem Figure 1 Relationship between coefficient of variation of community biomass (sqrtOD 600 ) and diversity ((a) species richness, (b) phylogenetic diversity and (c) mean pairwise distance). The coefficient of variation of biomass for each community was calculated on pooled data across the all treatments. N.S., not significant. Figure 2 Effect of phylogenetic diversity on biomass (sqrtOD 600 ) of bacterial communities under different treatments: (a) control, (b) heavy metals, (c) NaCl and (d) warming. For clarity, P-value less than 0.00001 was given as zero.
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A Awasthi et al functioning (Ives and Carpenter, 2007) . In our study, differential response of bacterial species to different agents of perturbation was observed. Under different treatments, the growth of some species was favoured than other. In nature also, the resistance and resilience of microbial communities to perturbations are highly variable (Allison and Martiny, 2008) . The higher growths of some species may compensate the negative effects of perturbations on other species and aggregate community performance remains stable across the treatments. The growth of some monocultures was found to be increased under perturbations. Under control, these species may not experience optimum environment and changed conditions through perturbations may be more supportive for their growth. Under abiotic perturbations, these species drive the compensatory dynamics and insurance effects of biodiversity while acting as seed banks under normal conditions (Lennon and Jones, 2011) . The decreasing trends in the variation in community biomass, across all the treatments, with increasing species diversity show the importance of biodiversity for maintaining ecosystem functioning under abiotic perturbations. These observations support the importance of biodiversity for stability of ecosystem functioning (McCann, 2000; Ives and Carpenter, 2007) and this study is an addition to the evidences of stabilizing role of diversity in the presence of abiotic perturbations. Phylogenetic diversity and mean pairwise distance may be considered a proxy for ecological differentiation that may describe the ecosystem functioning better than species richness (Gravel et al., 2012; Venail and Vives, 2013) . Similar to earlier studies (Cadotte et al., 2008; Flynn et al., 2011) , phylogenetic diversity proved to be the best predictor of ecosystem functioning than other Abbreviations: df, degrees of freedom; F, F-statistic; P, P-value; Sp. richness, species richness; Sp. ID, species identity; SS, sum of squares.
Role of biodiversity under abiotic perturbation A Awasthi et al diversity measures. The community biomass was found to be affected with the number of tolerant species present in a community. In the line of insurance hypothesis, diverse communities are more likely to contain some species being able to tolerate the particular stress and maintain the community productivity (Tilman, 1999; Loreau, 2010) . The effect of tolerant species was more pronounced at higher levels of species richness than lower one, indicating some type of interactions might be possible between these species. In previous studies also, the selection effect was found to be prevalent under stressful conditions where tolerant species contributed largely to the ecosystem functioning (Boles et al., 2004; Steudel et al., 2012) .
Ecosystem functioning was found increasing linearly with species diversity in many studies (Bell et al., 2005; Gravel et al., 2012; Eisenhauer et al., 2013; Venail and Vives, 2013) . However, increasing antagonistic interactions also result in negative biodiversity-ecosystem functioning relationships (Jousset et al., 2011; Becker et al., 2012; Foster and Bell, 2012) . In our study, the biomass increases with species richness and peaks at intermediate diversity showing positive biodiversity-ecosystem functioning relationship. The decline in community biomass at higher diversity may be due to the increased frequency of pairwise antagonistic interactions, accumulation of toxic metabolites in microcosms. The linear Abbreviations: df, degrees of freedom; F, F-statistic; P, P-value; Sp. richness, species richness; SS, sum of squares; Tol. sp., number of tolerant species present.
Role of biodiversity under abiotic perturbation A Awasthi et al relationship between biodiversity and biomass production in case of warming indicates some relaxation of antagonistic activities. The decline in production of antibiotics with temperature rise, as previously reported by Ritchie (2006) , may be one reason behind relaxation in antagonistic activities at higher levels of diversity. Li et al., 2010 also observed that cadmium pollution may trigger positive diversity productivity relationships through the facilitation among algal species. However, the critical examination of these constraints in future experiments may give a better explanation.
The results of present and all these type of studies have limitations in generalisation in natural conditions. Although the diversity of our system was low, we included a broad taxonomic range of bacterial species. Besides, our observations are based on a short-term response of initial diversity to an immediate abiotic perturbation, the competitive relationships among species may, however, change with long term or recurrent exposures leading to the extinction of some species. Studying the long-term effects of abiotic perturbations on ecology and evolution of ecosystems warrants further investigations. In conclusion, our study supports the insurance effects of biodiversity in maintaining ecosystem functioning under abiotic perturbations. Conservation of biodiversity will be helpful to maintain the ecosystem functioning under unpredictable natural and anthropogenic environmental change.
